AbSTRACT: Two experiments were conducted using 22-d-old Arbor Acres male broilers to study the kinetics of inorganic P absorption and the effect of P treatment on Type IIb sodium-phosphate cotransporter (NaP-IIb) mRNA and protein levels in ligated segments from different intestinal regions. In Exp. 1, the P absorption in different small intestinal segments at different postperfusion times (0, 2.5, 5, 10, 20, or 40 min) were compared. In Exp. 2, different small intestinal loops were perfused with solutions containing 0, 1.5, 3, 6, 12, 24, or 48 mmol P/L as KH 2 PO 4 , and P concentrations in perfusates were determined at 20 min after perfusion. The mRNA levels of NaP-IIb in different small intestinal loops and protein expression levels in the duodenums from the control group and the 6 or 48 mmol P/L group were analyzed. The results from Exp. 1 showed that P absorption increased in an asymptotic response to postperfusion time within 40 min in all the intestinal segments and P absorption was greater (P < 0.04) in the duodenum than in the other 2 segments at 20 min after perfusion, indicating that the duodenum is the main site of P absorption in the small intestine of chicks. In Exp. 2, the kinetic curves showed that P absorption in the duodenum was a saturated carrier mediated process and in the jejunum or ileum occurred with a nonsaturated diffusion process. In addition, the NaP-IIb mRNA levels were greater (P < 0.0001) in the duodenum than in the other 2 segments in the 3 groups (0, 6, or 48 mmol P/L), further indicating that P absorption in the duodenum occurred mainly by a saturated carrier mediated process. However, no significant differences (P = 0.20) in the NaP-IIb protein levels of the duodenum were observed among the 0, 6, and 48 mmol P/L groups. In conclusion, this study suggests by our criteria in ligated intestinal loops that the duodenum is the main site of P absorption and that P absorption may be a saturated carrier mediated process in the duodenum but a nonsaturated diffusion process in the jejunum or ileum of broilers.
Phosphorus is potentially absorbed in the small intestine by 2 mechanisms: paracellular and transcellular pathways (Fuchs and Peterlik, 1979; Peterlik et al., 1981) . Paracellular P transport is dependent on passive diffusion, and transcellular P transport is a sodium-dependent process that moves P from mesocaval to the basolateral membrane (Hilfiker et al., 1998) . Type IIb sodium-phosphate cotransporter (NaP-IIb) is primarily expressed in the brush-border membranes of the small intestinal epithelium, where it is considered to be the major Nadependent phosphate cotransporter in broilers (Han et al., 2009 ). The NaP-IIb expressions in the small intestine of chicks have been reported to be modulated by P (Nie et al., 2013; Huber et al., 2015) . However, whether the NaP-IIb is involved in P absorption in the gut of the intact chicks has not been previously elucidated with a kinetic study. The objective of the current study was to investigate the kinetics of P absorption to elucidate the mechanisms of P absorption and to identify the major absorption site of P in the small intestine of chicks by using in situ small intestinal loops.
MATERIALS AND METHODS

Birds, Diets, and Treatments
All experimental procedures were approved by the Animal Research Center at the Veterinarian Office of Beijing (Beijing, P. R. China). Arbor Acres male broiler chicks (Huadu Broiler Breeding Corp., Beijing, P. R. China) were used in 2 experiments. The birds were housed in electrically heated, thermostatically controlled cages (100 by 50 by 45 cm) with fiberglass feeders and a 24-h constant light schedule. They were allowed ad libitum access to the experimental diets and tap water that contained no detectable levels of P. Before 22 d of age, the birds received a corn-soybean meal diet (Table 1) formulated to meet or exceed the nutrient requirements of growing broilers from 1 to 21 d of age recommended by the NRC (1994).
Experiment 1 was conducted to determine P absorption with time after perfusion in ligated small intestinal segments of birds. Ninety-six male Arbor Acres chicks at 22 d of age were weighed (690 ± 18.0 g) after an overnight fast (12 h) and randomly allotted to 8 replicate cages of 2 chicks per cage for 1 of 6 treatments. Then, chicks were anesthetized by intravenous injection of sodium pentobarbital (40 mg/kg of BW; catalog number P3761; Sigma-Aldrich Co. LLC., St. Louis, MO) and the small intestine was exposed via a longitudinal abdominal incision. The duodenum, jejunum, and ileum were separated with ligatures and injected with 3 mL perfusates. The treatments of 6 sample collection time points were 0, 2.5, 5, 10, 20, and 40 min after perfusion. And a 2-mL perfusate sample was collected from 1 of the ligated duodenal, jejunal, and ileal loops of different broilers at each time point after perfusion. In each replicate, loops of 1 broiler's duodenum, jejunum, and ileum were perfused with the solution containing 6.0 mmol P/L as KH 2 PO 4 . This concentration was chosen according to the determined P concentration in the liquid chyme of the small intestine of chicks fed with a normal P diet. The loops of the broiler's duodenum, jejunum, and ileum were perfused with saline solution containing no P to subtract the endogenous P. Time 0 of each perfusion was the time when the intestinal perfusate was injected into the intestinal loops.
Experiment 2 was performed to investigate the response of P absorption to different P concentrations and the effect of P treatment on the NaP-IIb mRNA and protein expression levels in ligated loops of different small intestinal segments of birds. Fifty-six male Arbor Acres chicks at 22 d of age were weighed (680 ± 16.0 g) after an overnight fast (12 h) and randomly allotted to 8 replicate cages of 1 chick per cage for 1 of 7 treatments. The P concentration of perfusates in loops perfused with P-free solution was too low to be tested in Exp. 1; therefore, there was no blank control to deduct the endogenous P from intestinal secretions in Exp. 2. The 7 treatments of different P concentrations in perfusates were 0, 1.5, 3.0, 6.0, 12.0, 24.0 or 48.0 mmol P/L as KH 2 PO 4 . The duodenum, jejunum, and ileum of each bird were used as 1 replicate of the loops of the corresponding intestinal segments, and therefore, there were a total of 8 replicates for each treatment. The perfusate (2 mL) was collected at 20 min after perfusion. All chicks were killed by cervical dislocation. For the control (P-free solution) and treatments with 6 and 48 mmol P/L, the different intestinal segments of chicks were excised and flushed with ice-cold saline after solutions were sampled. The duodenal, jejunal, and ileal mucosa were scraped with an ice-cold microscope slide (Symolon et al., 2004) , immediately frozen, and stored in liquid N 2 for assays of NaP-IIb mRNA and protein expressions. Engberg et al. (2002) reported that the pH values in chyme of the duodenum, jejunum, and ileum of 22-d-old broilers were 6.0, 6.0, and 7.0, respectively; therefore, the perfusates injected into the duodenal and jejunal loops were buffered with 15.5 mmol/L of morpholinoethanesulfonic acid and the perfusates injected into the ileal loops were buffered with 15.5 mmol/L of Tris based on the pH values indicated above (Ji et al., 2006; Yu et al., 2008; Bai et al., 2012) . Considering the need for Na + for the P uptake, the perfusates contained 150 mmol Na + /L as NaCl (Wasserman and Taylor, 1973) . Inorganic P as KH 2 PO 4 was added to the saline medium to obtain the desired P concentrations. The 3.0 mg/L of polyethylene glycol P3640 (catalog number 202444; Sigma-Aldrich Co. LLC.) was used as the nonabsorbable indicator (Schiller et al., 1997) . Therefore, the duodenal and jejunal perfusates contained 15.5 mmol/L of morpholinoethanesulfonic acid, 3.0 mg/L of polyethylene glycol 3350, 150 mmol Na + /L in the form of NaCl, and the above-mentioned concentrations of P in the form of KH 2 PO 4 ; the ileal perfusates contained 15.5 mmol/L of Tris, 3.0 mg/L of polyethylene glycol 3350, 150 mmol Na + /L in the form of NaCl, and the above-mentioned concentrations of P in the form of KH 2 PO 4 . All chemicals used were reagent grade, except for morpholinoethanesulfonic acid and Tris, which were biochemical grade (Beijing Jingke Chemical Reagent Co., Beijing, P. R. China). The ligated loop procedure followed previous reports from our laboratory (Ji et al., 2006; Yu et al., 2008; Bai et al., 2008 Bai et al., , 2012 . Briefly, chicks were anesthetized by intravenous injection of sodium pentobarbital (40 mg/kg of BW) and the small intestine was exposed. The duodenum was ligated 1 cm distal to the pylorus, the jejunum was ligated just anterior to the remnant of the yolk stem, and the ileum was ligated just anterior to the ileocecal junction. Another ligature was then placed next to and 12 cm distal to the above ligatures to isolate different regions of the intestine, and the isolated intestinal segments between the 2 ligatures were defined as a loop. The isolated intestinal loops were rinsed first with 30 mL of warm saline and then with 20 mL of air to eliminate feed residues and then injected with 3 mL of perfusates with a calibrated syringe without needle. The intestine was returned to the body cavity after perfusion. The anesthetized birds were warmed with infrared lamps to maintain their body temperature and laid on gauze pads wetted with warm saline to maintain body humidity.
Preparations of Perfusion Solutions and Ligated Loop Procedure
Determinations of CP, Ca, and P Concentrations and Calculations of P Absorption
Diet samples were ground to pass through a 0.50-mm screen and thoroughly mixed before analyses for CP, Ca, total P, and phytate P (PP). Concentrations of CP in feed ingredients and diet samples were determined according to the Kjeldahl method (Thiex et al., 2002) . The Ca concentrations in diets were measured using an inductively coupled plasma spectroscopy (model IRIS Intrepid II; Thermal Jarrell Ash, Waltham, MA) after wet digestion with HNO 3 and HClO 4 (Huang et al., 2013) . Total P concentrations in samples of the diet, chyme, the tap water, and the fluid perfusates in the loops were colorimetrically determined using the vanadate-molybdate method (Davies et al., 1973) . The PP contents in diets were analyzed according to the ferric precipitation method described by Selle et al. (1996) . Therefore, dietary Nonphytate P was calculated as the difference between total P and PP. Validation of the mineral analysis was conducted by using bovine liver powder (GBW(E)080193; National Institute of Standards and Technology, Beijing, P. R. China) as a standard reference. A nonabsorbable reference indicator (polyethylene glycol 3350) was used to correct the changes in P concentrations resulting from water absorption or intestinal secretion (Schiller et al., 1997) . The concentrations of polyethylene glycol in initial and final fluid contents were determined by the modified Hyden's turbidimetric assay reported by Boulter and McMichael (1970) , who used 0.25 mL of intestinal aspirate (containing approximately 2.5 mg/L of polyethylene glycol) and 420 nm wavelength. Final volumes of perfusates in different intestinal loops were calculated by the change in concentration of the polyethylene glycol according to Eq. [1]. The absorption percentage and velocity of P were calculated according to Eq. [2] and Eq. [3], respectively.
in which V F represented final volume (mL) of perfusion solution; C PR(1) and C PR(2) represented the initial and final concentrations (mg/L) of polyethylene glycol, respectively; and V I represented the initial volume (mL) of injected dose.
in which UP represented the absorption percentage of P (%); C P(1) and C P(2) represented P concentration (mmol/L) of initial and final perfusion solution, respectively; V I represented the initial volume (mL) of injected dose; V F represented the final volume (mL) of perfusion solution that was calculated in Eq.
[1]; UV represented the absorption velocity of P (nmol·min -1 ·cm -1 ); T represented sampling time (min) after initiation of dosing; and L represented length (cm) of intestinal segments.
Quantitative Real-Time PCR Procedure
The total RNA was isolated from the duodenal, jejunal, and ileal mucosa using the TRIZOL reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The RNA concentration was measured using the NanoDrop ND-1000 spectrofluorometer (NanoDrop Technologies, Wilmington, DE) and the quality of total RNA was determined in agarose gels stained with ethidium bromide. One microgram of total RNA was subjected to reverse transcription by using the Super Script First-Strand Synthesis System (Invitrogen). Realtime PCR reactions were performed on an ABI 7500 realtime PCR system, using SYBR-Green PCR Master Mix (Applied Biosystems, Foster City, CA). The amplification reactions were performed as follows: 10 min at 95°C and 40 cycles of 94°C for 15 s and 60°C for 1 min. The PCR primers used to detect NaP-IIb and β-actin were as follows: 5′-CTG GAT GCA CTC CCT AGA GC-3′ and 5′-TTA TCT TTG GCA CCC TCC TG-3′ for NaPIIb (NM_204474.1) and 5′-GAG AAA TTG TGC GTG ACA TCA-3′ and 5′-CCT GAA CCT CTC ATT GCC A-3′ for β-actin (NM_205518.1). Each gene was independently amplified in triplicate within a single instrument run. Relative mRNA expression of target gene was calculated using the 2 −ΔΔCT method reported by Livak and Schmittgen (2001) , and data were normalized by β-actin as an internal control (Han et al., 2009 ).
Tissue Preparations and Western Blotting
The results from the present study indicated that P absorption in the duodenum of broilers was a saturated carrier-mediated process; therefore, we further determined the NaP-IIb protein expression levels in the duodenum of birds from the control and 6 and 48 mmol P/L groups. Frozen intestinal mucosal samples (40 mg) were homogenized in 0.5 mL of ice-cold Radio Immunoprecipitation Assay lysis buffer (catalog number P0013B; Beyotime Institute of Biotechnology, Haimen, P. R. China) supplemented with protease inhibitor cocktail (catalog number B14001; Biotool, Houston, TX). The homogenate was centrifuged at 10,000 × g for 10 min at 4°C, and the supernatants were collected for total protein determination using a BCA Protein Assay kit (catalog number 23225; Thermo Fisher Scientific Inc., Rockford, IL). The extracted proteins (30 μg) were subjected to electrophoresis on a 9% SDS-PAGE gel and electrotransfered onto the polyvinylidene fluoride membranes (catalog number IPVH00010; Merck KGaA, Darmstadt, Germany). After the transfer, membranes were blocked for 1 h at room temperature in blocking buffer with 5% skim milk. To be able to investigate proteins of different sizes on the same membrane, the membrane was cut into 2 horizontal strips (Heidebrecht et al., 2009) . Then, the strips were separately incubated overnight at 4°C with the following primary antibodies and dilution rates: NaP-IIb (catalog number sc-160605, 1:250; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; catalog number HX1828, 1:5,000; Huaxingbio, Beijing, P. R. China). After 4 washes for 10 min each in Tris-buffered saline with Tween, the strips with NaP-IIb on it were incubated with rabbit anti-goat horseradish peroxidase-conjugated antibody (catalog number HX2030, 1:5,000; Huaxingbio) and the strips with GAPDH on it were incubated with goat anti-mouse horseradish peroxidase-conjugated antibody (catalog number HX2032, 1:5,000; Huaxingbio). After 1 h of incubation at room temperature, the strips were washed 4 times for 10 min each and bands were visualized by enhanced chemiluminescence using a High-sig ECL Western Blotting Substrate Kit (catalog number 180-5001; Tanon, Shanghai, P. R. China). The signals were recorded with a chemiluminescence image scanner (Tanon) and analyzed with Tanon Gis 1D software (Tanon). Data was presented as the ratio of NaP-IIb protein band intensity to GAPDH protein band intensity. The GAPDH protein was used to normalize the expression levels of NaP-IIb, and the average expression of proteins in the control was used as a calibrator.
Statistical Analyses
The kinetic analysis of the P absorption against P concentrations in the small intestinal loops was performed by fitting the following equations (Condomina et al., 2002) : nonsaturated diffusion (Eq. in which J p and its maximum rate of P absorption, J max , are given in nanomoles per minute per centimeter; K m is the Michaelis-Menten constant in millimoles per liter; P c is the diffusive permeability constant in square centimeters per minute; and A is the concentration of P in perfusate in millimoles per liter.
The fits of equations to experimental data were performed using a nonlinear least square regression program (SigmaPlot version 11.0; Systat Software Inc., San Jose, CA). To select the best kinetic model of P absorption in our experimental conditions, the Akaike information criterion (AIC) has been used (Gagne and Dayton, 2002) . Data from Exp. 1 and 2 were analyzed by 1-way ANOVA using the general linear model procedures of SAS (version 9.2; SAS Inst. Inc., Cary, NC). A logarithm transformation was applied to the data on P absorption percentages before statistical analysis. The effect of postperfusion time on the P absorption was analyzed by nonlinear least squares regression analysis (Condomina et al., 2002) . The difference in the kinetic parameter (P c ) between the jejunum and ileum was analyzed by a t test procedure of SAS (version 9.2). The P < 0.05 was considered to be statistically significant.
RESuLTS
Time Course of P Absorption and the Major Absorption Site in Broiler Intestines
The results of P influx varying with time are shown in Fig. 1 . Phosphorus absorption increased with time in the duodenum, jejunum, and ileum after dosing the perfusion with the solution containing 6.0 mmol P/L. Comparisons of the absorption percentages at each time point between the 3 small intestinal segments revealed that absorption in the duodenum was significantly (P < 0.04) greater than that in the jejunum or ileum. There was no difference (P > 0.44) in P absorption between the jejunum and ileum at 20 min after perfusion. A similar trend was observed at 40 min; however, there were no differences (P > 0.33) in P absorption percentage between the 3 small intestinal segments at 40 min and other time points, except at 20 min. The changes for P absorption in the duodenum, jejunum, and ileum with time were best fit to asymptotic models. The absorption percentage (%) was set as y and postperfusion time (min) was set as t. In the duodenum, y = 52.96%(1 − e −0.1393t ) (P < 0.0001, R 2 = 0.9709); in the jejunum, y = 40.64%(1 − e −0.2067t ) (P < 0.0001, R 2 = 0.9508); and in the ileum, y = 41.47%(1 − e −0.2306t ) (P < 0.0001, R 2 = 0.9517). We concluded that the P absorption at 20 min was greater than 85% of what it would be at the time point of maximum absorption in each segment. For this reason, standard conditions of the sample collection at 20 min after perfusion were adopted in Exp. 2.
Kinetic Absorption of P in the Duodenum, Jejunum, and Ileum of Broilers
The kinetic absorption of P in the duodenum, jejunum, and ileum were investigated at different P concentrations (Table 2 ). Phosphorus influx in the duodenum was greater (P < 0.001) than those in the jejunum and ileum at each P concentration. The regression analysis showed that in the duodenum, the best fit was the saturated process equation (AIC = 5.89), whereas in the jejunum and ileum, the fits to the nonsaturated process (AIC = 6.13 and 6.04, respectively) gave the best results (Table 2 and Fig. 2) . The maximum absorption rate (J max ) in the duodenal loops was 321 ± 33 nmol·cm −1 ·min −1 , and the K m value was 29.6 ± 5.9 mmol/L. In the jejunum and ileum, the Pc of the perfusion process of P absorption were similar (4.08 ± 0.20 vs. 4.33 ± 0.18 cm 2 ·min −1 ). Expressions of NaP-IIb mRNA in the Duodenum, Jejunum, and Ileum of Broilers
The NaP-IIb mRNA expression levels were greater (P < 0.0001) in the duodenum than in the jejunum and ileum and greater (P < 0.0001) in the jejunum than in the ileum of broilers perfused with different P concentrations (Table 3) . Therefore, the NaP-IIb mRNA expression in the ileum was the lowest among the 3 intestinal segments of birds and not affected (P = 0.58) by P concentrations. The NaP-IIb mRNA level in the duodenum was about 2.9-fold that in the jejunum or ileum and in the jejunum was about 6.9-fold that in the ileum. In comparison with the control, the NaP-IIb mRNA levels in the duodenal and jejunal loops of birds decreased significantly (P < 0.0001) with increasing perfused P concentrations. Comparing the control with the 6 mmol P/L-perfused group, NaP-IIb mRNA levels were decreased by 20.6 and 33.5% in the duodenum and jejunum, respectively. Comparing the control with the 48 mmol P/L-perfused group, they were decreased by 45.7 and 59.6% in the duodenum and jejunum, respectively.
Expression of NaP-IIb Protein in the Duodenum of Broilers
The results and representative immunoblots of NaP-IIb and GAPDH are shown in Table 4 and Fig. 3 , respectively. Different P concentrations in the perfusates had no effect (P = 0.20) on the NaP-IIb protein expression levels in the duodenum in spite of the different expression levels of its mRNA among the 3 groups.
DISCuSSION
The results of the P absorption percentages over time after perfusion showed that there were time-dependent asymptotic increases of P absorption in different small intestinal loops of broilers. Meanwhile, P absorption linearly increased in the first 5 min after perfusion with increasing time. These results are in agreement with those of Wasserman and Taylor (1973) , who reported a time-dependent linear increase of P absorption during the first 5 min after perfusion and time-dependent asymptotic increases of P absorption from 30 to 40 min after perfusion. In addition, when the values were expressed on a length basis, the duodenum was considerably more efficient in absorbing P than either the jejunum or the ileum, which was in agreement with the results from our Exp. 1 and 2. This suggests that the duodenum was the main site of P absorption in the small intestine of broilers under our experimental conditions. Moreover, in the current study, the maximum P absorption percentages in different small intestinal loops were 40 to 50%. However, Chow et al. (1972) reported that the maximum P absorption percentage in the duodenum was about 80% within 30 to 40 min after perfusion with 1 mmol P/L. This difference might be explained by the difference in P concentrations in perfusates between the 2 studies, and the higher perfused P concentration (6 mmol P/L) used in the present study would decrease P absorption percentages in small intestinal segments of birds, which might be due to an attempt to avoid a high accumulation of P in the mucosa.
Our results of the best kinetic models for describing the P absorption mechanisms in different small intestinal loops of broilers indicated that P absorption was a carrier-mediated process in the duodenum but a nonsaturated diffusion process in the jejunum and ileum. The NaP-IIb mRNA was mostly expressed in the duodenum and the NaP-IIb might be involved in P absorption; therefore, the kinetics of P absorption in the duodenum of broilers can be viewed as a regulatory system geared to a more efficient absorption of P 2 J max = the maximum rate of P absorption (in the duodenum and jejunum); Km = the Michaelis-Menten constant; Pc = the diffusive permeability constant.
3 AIC = Akaike information criterion. A-C Means with different letters within the same column differ significantly (P < 0.0001).
1 Values are expressed as means (SEM); n = 8. NaP-IIb = type IIb sodium-phosphate cotransporter.
2 Expressed as the ratio of NaP-IIb mRNA abundance to β-actin mRNA abundance.
from dietary sources in the jejunum and ileum. Morgan (1969) reported that the rate of P absorption was linearly related to P concentration when chick jejunum segments were perfused in vitro with solutions containing various P concentrations (12.5-100 mmol/L). Peterlik (1978) found that P uptake by the embryonic chick duodenum displayed a saturated and a nonsaturated component. Birge and Avioli (1981) also reported that when the P concentration was 1.5 mmol/L, P uptake was relatively independent of Na + ; however, when the P concentration was 0.1 mmol/L, P uptake was dependent on Na + by using isolated epithelial cells of the chick duodenum. Quamme (1985) studied the uptake kinetics of P from the apical to the basolateral brush border membrane vesicles prepared from the duodenal segment of the chicken and showed that P transport was Na + dependent with saturation-type kinetics. This result was consistent with our current study.
NaP-IIb is a protein recently shown to play a pivotal role in P transport in the small intestine of animals (Werner and Kinne, 2001; Xu et al., 2002; Murer et al., 2004; Giral et al., 2009) . It is possible for solubilized P in the intestinal lumen to cross the microvilli into the enterocyte. In the current study, the NaP-IIb mRNA expression levels in the duodenum were greater than those in the jejunum and ileum, suggesting that NaP-IIb might play an important role in the carrier-mediated process of P transport in the duodenum. The expression profile of NaP-IIb in the small intestine of broilers was in agreement with the previous findings reported by Yan et al. (2007) and Han et al. (2009) . Our observation on the decreases in NaP-IIb mRNA levels in the intestinal loops due to P treatment might be a result of direct P regulation of NaPIIb mRNA level in the small intestine of broilers. The decreased NaP-IIb mRNA level in the duodenal loops of broilers at 20 min after P exposure might be partially due to high mucosal P accumulation, which signaled to the downregulation of duodenal and jejunal NaP-IIb mRNA expression levels to prevent a high accumulation of P in the mucosa, and the results of NaP-IIb protein expression levels also partly confirmed the presumption. These observations could reflect that there might be a P-dependent transport protein in the enterocyte of broilers to regulate the expressions of NaP-IIb. Further studies will be needed to elucidate the exact mechanisms resulting in the lower NaP-IIb mRNA expression levels due to P treatment and the regulation mechanisms of NaP-IIb protein expression. However, Capuano et al. (2005) reported that NaP-IIb protein expression in the small intestine of mice was increased by low dietary intake of P, which might be explained by a genomic mechanism that does not include the 1,25-dihydroxyvitamin D-vitamin D receptor axis. 2 Expressed as the ratio of NaP-IIb protein band intensity to GAPDH protein band intensity, and the average expression of NaP-IIb in the 0 mmol P/L group was used as a calibrator. Figure 2 . Kinetic absorption of P in the duodenum (A), jejunum (B), and ileum (C) of broilers at 20 min after perfusion (means ± SEM; n = 8; Exp. 2). The P absorption curve in the duodenum was described by Eq. [5] (saturated, carrier-mediated pathway), and the P absorption curves in the jejunum and ileum were described by Eq. [4] (nonsaturated diffusion).
In conclusion, the results from the present study clearly demonstrated that the duodenum was the main site of P absorption and P absorption was a saturated carrier-mediated process in the duodenum but a nonsaturated diffusion process in the jejunum or ileum of broilers. The NaP-IIb might play an important role in P absorption in the duodenum and jejunum but a very limited role in the ileum of broilers. The increasing P caused a downregulation of NaP-IIb mRNA expression in the duodenum and jejunum but had no effect on its protein expression in the duodenum of broilers. The outcomes from the present study will be of theoretical and practical significances for how to improve P utilization and decrease P excretion in the broiler production. Figure 3 . Representative immunoblots demonstrating NaP-IIb protein expression in the duodenum of broilers subjected to different perfused P concentrations (Exp. 2). GAPDH = glyceraldehyde-3-phosphate dehydrogenase; NaP-IIb = type IIb sodium-phosphate cotransporter.
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